Extracellular amylase production by the moderate halophile Halomonas meridiana was optimized and the enzyme was characterized biochemically. The highest amylase production was achieved by growing H. meridiana cultures in media with 5% salts and starch, in the absence of glucose until the end of the exponential phase. The amylase exhibited maximal activity at pH 7.0, being relatively stable in alkaline conditions. Optimal temperature and salinity for activity were 37³C and 10% NaCl, respectively. Moreover, activity at salinity as high as 30% salts was detected. Maltose and maltotriose were the main end products of starch hydrolysis, indicating an K-amylase activity. ß
Introduction
Moderately halophilic bacteria are extremophilic microorganisms that grow optimally in media containing 3^15% NaCl [1] , although most of them can grow in a very wide range of salinities. They constitute a phylogenetically very heterogeneous group that includes a great variety of bacteria [2] . Besides their important role in the ecology of hypersaline environments, these prokaryotes have received considerable interest because of their potential for use in biotechnology. Thus, they are a good source for compatible solutes that can be used as protecting agents for enzymes and whole cells [3] . Their use in enhanced oil recovery processes or in the degradation of industrial residues and toxic chemicals that can pollute hypersaline habitats has also been claimed [2] . Additionally, some moderate halophiles produce halophilic exoenzymes such as amylases, proteases and nucleases of potential commercial value [2,4^9] . The interest in enzymes produced by extremophiles, which are expected to show optimal activities in extreme conditions, has recently greatly increased [10] .
In this work, we have investigated the production and biochemical characterization of an extracellular K-amylase from the Gram-negative moderate halophile Halomonas meridiana. We have determined optimal growth conditions for H. meridiana to yield the highest amylase production, the in£uence of several factors in amylase activity, as well as the nature of its hydrolysis products.
Materials and methods

Bacterial strains, media and growth conditions
H. meridiana DSM 5425 [11] was routinely grown in a saline medium (SW) containing 5% total salts (SW-5) to which 0.5% yeast extract (Difco) was added. The composition of the salts solution in SW-5 medium was (g l 31 ): NaCl, 39; MgCl 2 W6H 2 O, 6.5; MgSO 4 W7H 2 O, 10; CaCl 2 , 0.17; KCl, 1; NaHCO 3 , 0.03 and NaBr, 0.12. When necessary, other ¢nal concentrations of salts were also used in this medium to determine the salinity range and the optimal salt concentration for growth or the optimal amylase activity. When required, these media were supplemented with 0.5% soluble starch (Sigma). Minimal medium M63 [12] was also used to test for possible growth in the absence of NaCl. To assess the in£uence of glucose on amylase production, M63, which contains glucose as the only carbon source, was supplemented with 5% NaCl. As carbon sources, soluble starch (0.5%) instead of glucose, or soluble starch (0.5%) plus glucose (0.5%) were used. The pH of the media was adjusted to 7.2 with NaOH. Growth was quanti¢ed by measuring the optical density of cultures at 600 nm. All experiments were performed in triplicate. Liquid cultures were incubated at 37³C in an orbital shaker at 200 rpm. When needed, media were solidi¢ed by adding 2% Bacto Agar (Difco).
Amylolytic activity
The amylolytic activities in supernatants of the cultures were determined by measuring the increase in reducing sugar resulting from hydrolysis of soluble starch. H. meridiana cells were incubated in the appropriate medium at 37³C over a predetermined incubation time. Supernatants were collected after centrifuging twice for 10 min at 10 000 rpm. Samples were stored under suitable conditions (320³C, 1 mM CaCl 2 , 10 Wg ml 31 PbSc) taking precautions against enzyme inactivation and proteolysis. A reaction mixture consisting of 0.5% soluble starch and 0.1% supernatant sample in 100 mmol l 31 sodium succinate bu¡er, pH 7.0, containing 5 mmol 1 31 calcium chloride was incubated for 1 h at 37³C. The amount of reducing sugar was quanti¢ed using the method of Dygert et al. [13] . An amylase solution containing 1 U of amylase activity catalyzes the hydrolysis of 1 Wmol 1 31 of starch per min at 37³C. Amylase activity was also qualitatively detected on plates following the method described by Cowan and Steel [14] , using saline medium plus 0.5% soluble starch at di¡erent salt concentrations.
2.3. Determination of the pH, temperature and NaCl concentration of the growth medium for optimal amylolytic activity
Cultures were incubated at 37³C for 24 h in SW-5 medium supplemented with 0.5% soluble starch. The amylolytic activity was determined at di¡erent pH values by varying the bu¡er of the substrate solution in the standard assay: 100 mM acetate bu¡er for pH range 3.0^6.0, succinate bu¡er for pH 7.0, Tris^Cl bu¡er for pH 8.0^9.0, and glycine^NaOH bu¡er for pH 10.0. The optimal temperature for activity was determined by assaying activity at 25, 37, 45, 55, 65, 75, 85 and 95³C. The incubation period during the assay was reduced to 15 min to avoid a possible degradation of the enzyme at high temperatures. Optimal NaCl concentration was determined by addition of a NaCl solution at di¡erent ¢nal concentrations (3%, 5%, 7.5%, 10% or 15%). To test for amylase activity at higher salinities, plates of solid SW-20, SW-25 or SW-30 medium supplemented with 0.5% soluble starch were used.
Analysis of hydrolysis products
The starch hydrolysis products were analyzed by high performance liquid chromatography (HPLC). Aliquots of 100 Wl of the supernatant were incubated at 37³C in the presence of 0.5% soluble starch, succinate bu¡er (100 mM), CaCl 2 (5 mM) and PbSC (10 Wg ml 31 ). After speci¢c time intervals (1, 3, 6, 12 and 24 h), samples were withdrawn and hydrolysis was stopped by incubation at 80³C for 10 min. After centrifugation at 13 000 rpm for 5 min at 4³C, the products were analyzed by HPLC (DIONEX DX-500 system equipped with a CarboPac PA1 [P/N 35391] column). The separated hydrolysis products were identi¢ed and quanti¢ed by comparison with standard glucose, maltose and puri¢ed oligosaccharides (Sigma). As controls, the soluble starch solution and the mixture reaction in absence of starch were also included.
Results
Determination of growth conditions for optimal
amylase activity H. meridiana was able to grow in saline media containing 0.5^17.5% total salts with an optimum at 3^10% salts. Moreover, H. meridiana was unable to grow in minimal medium M63, which contains no NaCl (data not shown). To establish the optimal growth conditions yielding the highest amylase activity, the in£uence of several factors was analyzed: (i) the presence or absence of starch in the growth medium, (ii) the culture incubation time or culture age, (iii) the salinity of the growth medium (SW-2 and SW-5), and (iv) the presence or absence of glucose. When starch was absent from the growth medium, no amylase activity was detected (data not shown). Therefore, the following experiments were always performed in media with 0.5% soluble starch. The in£uence of culture age and salinity of the growth medium on the amylase activity is shown in Fig. 1 . The highest amylase activity was detected when cells were incubated in SW-5, whereas activity decreased 5-fold when SW-2 medium was used. Amylase activity started during the exponential growth phase, reaching its highest values in the early stationary phase (at least 20 h of incubation). These values were maintained during the whole stationary phase (Fig. 1 ). Fig. 2 shows that the presence of glucose in the minimal medium M63 containing 5% NaCl resulted in less than 50% of the amylase activity. This indicated that the production of amylase by H. meridiana is inhibited by glucose.
E¡ect of pH, temperature and salt concentration on amylase activity
The enzyme exhibited an optimal activity at pH 7.0, and was relatively stable in alkaline conditions with at least 40% of the activity at pH 10.0 (Fig. 3A) . In contrast, the activity sharply decreased in acidic conditions with more than 90% of the activity lost between pH 5.0 and pH 3.0. At this respect, it is important to note the dramatic loss of activity when pH decreased from 6.0 to 5.0. The amylase showed optimal activity at 37³C, and was unstable at higher temperatures. Thus, more than 40% of the activity was lost between 45 and 55³C, and more than 80% at temperatures around 65³C (Fig. 3B) .
Maximal amylase activity was detected at 10% NaCl (Fig. 3C) . However, at lower (5^7.5%) or higher (15%) salinities, 90% of the activity still remained. The method used for amylase activity measurements did not allow us to test over 15% NaCl. However, to assay at salinities higher than 15%, supernatants from grown cultures of H. meridiana were qualitatively tested in SW-20, SW-25 or SW-30 plates. It is remarkable that a considerable amylase activity was detected even at 30% salts (data not shown).
Hydrolysis products of amylase
H. meridiana amylase hydrolyzed starch to form maltose and maltotriose as major products (Fig. 4) . These products were readily apparent even during the early stages of the reaction and increased in concentration along with the time course of the reaction. Maltose was not hydrolyzed by the enzyme. Minor amounts of longer maltooligosaccharides with trace amounts of glucose were also produced (Fig. 4) . The enzyme may, therefore, preferentially cleave at the K-1,4-linkage adjacent to non-reducing ends, releasing maltose and maltotriose. 
Discussion
H. meridiana produces an extracellular amylase in both liquid and solid media. Among all parameters tested for the optimization of enzyme production, the presence of starch, absence of glucose and the salinity of the growth media appeared to be the most critical factors. Thus, no amylase activity was detected in the supernatants of the cultures grown in absence of starch. Similar results have been reported for most, mainly K-amylases [15] , as described for enzymes produced by the moderate halophiles Nesterenkonia halobia or Acinetobacter spp. [6, 7] . Regulation of production of extracellular enzymes in enteric bacteria proceeds at the transcriptional level. Catabolic repression by glucose, found in Gram-negative as well as in Gram-positive bacteria and correlates either with gene derepression or activation [15^17] . Substrate (starch)-mediated induction of enzyme synthesis and excretion is still not well understood. It might either correlate with uptake of (starch) degradation products [18] or stationary phase regulatory circuits in Gram-negative bacteria [19] : in Bacillus subtilis and in other Gram-positive organisms, amylase production showed to be under transition state regulation as well as under degS-degU two-component signalling [20] .
The salinity of the growth medium strongly in£uenced the amylase activity by H. meridiana. Similar results were obtained with the amylase produced by the Gram-positive N. halobia (yielding 20% more activity at 6% salts than at 3%) [6] ,`Micrococcus varians subsp. halophilus' (with maximal activity at 10% salts) [8] , two di¡erent moderately halophilic micrococci (maximum activity at 11% and 6% salts) [4, 5, 9] or the Gram-negative moderate halophile Acinetobacter sp. (optimal activity at 5^10% salts) [7] . This could be explained by the fact that synthesis of these enzymes is correlated with optimal growth at 3^15% total salts. This behavior is not exclusive for amylases, and is found in other extracellular enzymes produced by moderate halophiles, such as nuclease H from`M. varians subsp. halophilus' [7] . Detection of amylase activity by H. meridiana started with exponential growth, reaching its maximum after about 15 h growth. This behavior might be due to stationary phase regulation on one side and catabolic repression by the glucose released from maltose and maltotriose on the other side, as it has been thought for microorganisms as a way to save energy [15] . Similar results were reported for the K-amylase produced by Streptomyces lividans TK24 [21] and that produced by N. halobia [6] . In summary, for optimal amylase activity, H. meridiana cultures should be grown until the end of the exponential phase (at least 20 h), in media with 5% salts, in the presence of starch and absence of glucose.
The hydrolysis pattern presented by the amylase showed that it is an K-amylase, producing maltose and maltotriose as the main products from the ¢rst stages of the reaction, and in increasing amounts as the reaction proceeds. This pattern is in agreement with many other K-amylases previously studied [22] . Otherwise, the optimal pH for activity was 7.0, although the enzyme was shown to be stable up to pH 10.0 (40% of activity). Khire et al. [9] described an amylase from the moderate halophile Micrococcus sp. 4 that was also stable at alkaline conditions (about 50% activity at pH 9.0). This behavior, which could be interesting for industrial processes working under alkaline conditions, is di¡erent to that exhibited by the amylase of the moderate halophile N. halobia, with an optimum pH for activity at pH 6.5 [6] . Except for some amylases produced by di¡erent species of Bacillus [23] , most K-amylases produced by non-halophilic microorganisms show an optimum pH within the acidic range (5^7), being rather unstable at alkaline pH.
On the other hand, the activity of amylase produced by H. meridiana decreased at a pH below 5. This is in agreement with the inability of H. meridiana to grow at these acidic pH values [11] . The amylase showed an optimum temperature for activity at 37³C, with a loss of activity over 65³C. This property might limit its use in industrial usage that requires high temperatures, but favor its application in processes that require complete inactivation of the enzyme with increasing temperature in the process, i.e. in the baking industry. However, it is interesting to note that optimal temperature for activity of most bacterial amylases, including those from halophilic microorganisms, is calcium dependent. Thus, the optimal temperature for activity of the amylase from`M. varians subsp. halophilus' was 5³ higher when CaCl 2 was added [8] . The possibility that it might also be the case for the H. meridiana amylase is currently under investigation.
Finally, the K-amylase produced by H. meridiana showed activity at salinity as high as 30% salts, with an optimum at 10%. This is in accordance with activities displayed by amylases from other moderate halophiles, such as Acinetobacter sp. or N. halobia, which required at least 3% NaCl to show high activities [6, 7] . These saline requirements are sometimes higher than those needed by amylases produced by extremely halophilic archaea, like Halobacterium salinarum [23] . It should be noted that these results could not be compared with amylases from nonhalophilic microorganisms, since their behavior at di¡erent salinities is not a routine parameter in biochemical characterization studies. However, Khire and Pant [24] described a thermostable amylase produced by Bacillus sp. 64 which was able to tolerate up to 20% NaCl. These amylases, including that of H. meridiana, which are active at high salt concentrations may have interesting applications in the treatment of saline waters or waste solutions with starch residues and high salt content. the EC BIOTECH Program`Extremophiles as cell factories' (BIO4-CT96-0488), the Spanish Ministerio de Educaciö n y Cultura (PB97-0722 and PB98-1150), and from the Junta de Andaluc|a. M.J. Coronado is supported by a fellowship from the Ministerio de Educaciö n y Cultura, Spain.
